Abstract The effects of a-melanocyte-stimulating hormone (a-MSH) on calcium metabolism were examined with goldfish. The scales on the left side of goldfish bodies were removed to allow the regeneration of scales under anesthesia. Thereafter, the influences of a-MSH injection (low dose: 0.1 lg/g body weight; high dose: 1 lg/g body weight) on plasma calcitonin (calcium-regulating hormone) and the calcium content of the scales were investigated. Ten days after removing the scales, we measured the plasma calcitonin and calcium content of both regenerating scales on the left side and ontogenic scales on the right side. At both doses of a-MSH injection, plasma calcitonin concentrations in the a-MSH-treated group were significantly higher than those in the control group. The mRNA expressions of a-MSH-receptors were detected in the ultimobranchial glands (secretory organ of calcitonin), indicating that a-MSH directly functions in ultimobranchial glands and promotes calcitonin secretion. Furthermore, we found that the calcium content of regenerating scales in a-MSHtreated goldfish was higher than that in control goldfish, while the calcium content of ontogenic scales on the right side was significantly decreased by a-MSH injection. There was a significant co-relationship between plasma calcitonin and the calcium content of regenerating scales. The mRNA expression of calcitonin receptors in regenerating scales was remarkably higher than that in ontogenic scales. These results imply that calcitonin functions to promote scale regeneration resulting from the inhibition of bone resorption because calcitonin suppresses osteoclastic activity. Thus, we are the first to demonstrate the interaction between a-MSH and calcitonin in teleosts.
Introduction
Alpha-melanocyte-stimulating hormone (a-MSH), which is composed of 13 amino acids, is a proteolytic cleavage product generated from adrenocorticotropic hormone (Takahashi and Kawauchi 2006; Brzoska et al. 2008; Takahashi and Mizusawa 2013) . The amino acid sequence of a-MSH is well conserved among vertebrates and functions in several tissues via melanocortin receptors (Brzoska et al. 2008; Takahashi and Mizusawa 2013; Dores et al. 2016) . Recently, a new function of a-MSH has been determined. In mammals, namely, it has been reported that a-MSH directly functions in bone metabolism (Farooqi et al. 2000) and promotes bone resorption (Cornish et al. 2003) . Furthermore, Cornish et al. (2003) reported that trabecular bone volume was reduced by 22% with the administration of a-MSH to mice (20 injections of 4.5 lg/day). Therefore, a-MSH is one hormone that regulates bone metabolism in mammals.
In teleosts as well as mammals, we previously demonstrated that a-MSH functions in goldfish scales and induces hypercalcemia resulting from the promotion of bone resorption (Ishizu et al. 2018) . In vertebrates, including teleosts, the plasma calcium concentration is maintained at a constant level by hormonal regulation. This implies that hypocalcemic hormones such as calcitonin respond to hypercalcemia in goldfish (Carassius auratus). In eels, Anguilla japonica (freshwater teleosts), plasma calcitonin levels actually increased with the rise of plasma calcium caused by the dietary uptake of calcium (Suzuki et al. 1999) . In stonefish, Inimicus japonicus (marine teleosts) also, both plasma calcium and calcitonin levels increased after the administration of a high-calcium solution into the stomach (Kaida and Sasayama 2003) . Thus, we focused on the relationship between a-MSH and calcitonin.
On the other hand, teleost scales are functional internal calcium reservoirs involved in calcium metabolism, particularly in freshwater teleosts such as goldfish (Mugiya and Watabe 1977; Suzuki et al. 2008 Suzuki et al. , 2016 . Additionally, it is known that teleost scales regenerate after being removed (Bereiter-Hahn and Zylberberg 1993; Suzuki et al. 2009; Yoshikubo et al. 2005) . During scale regeneration, both osteoblastic and osteoclastic activities in regenerating scales were higher than those in ontogenic scales (Yoshikubo et al. 2005) . As a-MSH induced hypercalcemia (Ishizu et al. 2018) , we strongly believe that a-MSH involves calcium metabolism related to scale regeneration.
Thus, in the present study, the influence of a-MSH injection on calcium regulation during scale regeneration was examined in goldfish. In brief, after a-MSH administration, plasma calcitonin (calcium-regulating hormone) and the calcium content of both regenerating and ontogenic scales were investigated in the present study. Furthermore, we analyzed the expression of a-MSH and calcitonin receptors. Our investigation is the first to demonstrate the interaction between a-MSH and calcitonin in teleosts. 
Materials and methods

Animals
One pair of female and male goldfish (Carassius auratus) was artificially fertilized at the Graduate School of Marine Science and Technology, Tokyo University of Marine Science and Technology ). After the hatched goldfish grew to a body length of about 12 cm, these fish (n = 40) were transferred to Noto Marine Laboratory at Kanazawa University, and used for an in vivo experiment. To avoid the effects of sex hormones, non-breeding goldfish were used in the present study. All experimental procedures were conducted in accordance with the Guide for the Care and Use of Laboratory Animals prepared by Kanazawa University.
Effects of a-MSH on plasma calcitonin and the calcium content of both regenerating and ontogenic scales in goldfish
In both control and experimental groups, normally developed scales on the left sides of goldfish were removed to allow the regeneration of scales under anesthesia with 0.03% ethyl 3-aminobenzoate and methanesulfonic acid salt (Sigma-Aldrich, Inc., St. Louis, MO, USA) neutralized with 0.03% sodium bicarbonate. Thereafter, the influence of a-MSH on the calcium metabolism regarding scale regeneration was studied. Namely, a-MSH was administered at a low dose (0.1 lg/g body weight) or a high dose (1 lg/g body weight) to goldfish every other day in the morning. During all experimental periods, goldfish were kept at 26°C under a daily photoperiod cycle of 12-h light: 12-h darkness ). Saline (0.9% NaCl) was injected into the goldfish in the control group in the same manner as in the experimental group (each n = 8). During the experimental periods, both experimental and control goldfish were fed every morning. Ten days after scale removal, we collected both the regenerating scales on the left side, and ontogenic scales on the right side. The scale-calcium content [mg/dry weight (mg) of scale] was determined using the Calcium C kit (Wako Pure Chemical Industries, Ltd., Osaka, Japan) with a microplate reader after the dried scale (60°C, 12 h) had been dissolved in nitric acid and then neutralized by NaOH (Suzuki et al. 2004 . After removing the regenerating scales and ontogenic scales, blood samples were collected from the caudal vessel using a heparinized capillary from anesthetized goldfish. After centrifugation at 15,000 rpm for 3 min, the plasma was immediately frozen and kept at -80°C.
Plasma calcitonin levels were measured by enzyme-linked immunosorbent assay (ELISA). The procedures of ELISA have been described in detail by Suzuki (2001) . The detection limit was 25 pg/ml (Suzuki 2001) . The specificity of anti-salmon calcitonin serum (No. 626, Cosmo Bio Co., Ltd., Tokyo, Japan) was checked using peptide hormones (N-terminal fragment of 1-34 bovine parathyroid hormone and human calcitonin gene-related peptide). This anti-serum did not cross-react to these peptide hormones.
The mRNA expressions of melanocortin receptors (MCRs) in the ultimobranchial glands of goldfish
We examined the mRNA expression of melanocortin receptors (MCRs) in the ultimobranchial glands, which are the secretory organ of calcitonin. The ultimobranchial glands were dissected from goldfish (three males and three females) under anesthesia with 0.03% ethyl 3-aminobenzoate and methanesulfonic acid salt (SigmaAldrich) neutralized with 0.03% sodium bicarbonate. Also, the brains were removed from goldfish (one male and one female) as a positive control . Total RNAs were prepared from dissected ultimobranchial glands and brains using a total RNA isolation kit (NucleoSpin RNA II, Takara Bio, Inc., Shiga, Japan) and treated with DNase I (RNase-Free DNase Kit, Takara Bio, Inc.) for 15 min at room temperature to remove residual genomic DNA. Complementary DNA synthesis was also performed using a kit (PrimeScript TM II 1st strand cDNA Synthesis Kit, Takara Bio, Inc.). The specific primers for the MCRs (melanocortin 1 receptor: MC1R; melanocortin 2 receptor: MC2R; melanocortin 3 receptor: MC3R; melanocortin 4 receptor: MC4R; melanocortin 5 receptor: MC5R) (Table 1) were used (Kobayashi et al. 2011) . The sample on which PCR was performed with the addition of reverse transcriptase was compared with a sample on which PCR was performed without reverse transcriptase as a negative control. b-actin was used as a housekeeping gene (Kobayashi et al. 2011) . The primer sequences of b-actin are described in Table 1 . The conditions for PCR amplification were 40 for MCRs or 35 for b-actin cycles of denaturation for 15 s at 94°C, annealing for 30 s at 60°C, and extension for 40 s at 72°C. PCR products were electrophoresed on 3% agarose gel (Agarose S, Nippon Gene Co., Ltd., Toyama, Japan) and visualized with 0.025% ethidium bromide. Photographs were taken using a Densitograph (ATTO Corp., Tokyo, Japan).
Comparison of calcitonin receptor mRNA expression in regenerating scales and ontogenic scales of goldfish
To analyze calcitonin receptor mRNA expression, both regenerating and ontogenic scales from goldfish (n = 10) were prepared again.
Total RNAs were prepared from goldfish scales using a total RNA isolation kit (NucleoSpin RNA II, Takara Bio, Inc.), as described above. The PCR amplification was analyzed with a real-time PCR apparatus (Mx3000pTM, Stratagene, La Jolla, CA, USA) using SYBR Premix Ex Taq (Takara Bio, Inc.) Sato et al. 2017 ). Real-time qPCR was performed using the specific primer set (forward primer: 5 0 -AAAGCAGAGCCCACCACTGA-3 0 ; reverse primer: 5 0 -CTGCTGCAGAACGAACCTGT-3 0 ) for calcitonin receptors . The annealing temperature for calcitonin receptors was 55°C . The mRNA expression level of calcitonin receptors was normalized to the mRNA expression level of b-actin (forward primer: 5 0 -CGAGCGTGGCTACAGCTTCA-3 0 ; reverse primer: 5 0 -GCCCGTCAGGGAGCTCA-TAG-3 0 ) as a housekeeping gene (Azuma et al. 2007 ). The annealing temperature for b-actin was 60°C (Azuma et al. 2007) . The results are shown as the mean ± SEM (n = 10 individual goldfish).
Statistical analysis
All results are expressed as the mean ± SE. The statistical significance between the control and experimental groups was assessed by Student's t test or by one-way ANOVA followed by Dunnett's test. In all cases, the selected significance level was p \ 0.05.
Results
Effects of a-MSH injection on plasma calcitonin in goldfish
The plasma calcitonin levels are indicated in Fig. 1 . a-MSH was injected at a low dose (0.1 lg/g body weight) or a high dose (1 lg/g body weight) into goldfish every other day. At both doses, plasma calcitonin levels in a-MSH-injected goldfish increased significantly as compared with those in control goldfish. The mRNA expressions of MCRs in ultimobranchial glands of goldfish
To examine the interaction between a-MSH and calcitonin, the mRNA expressions of MCRs were analyzed in the ultimobranchial glands. In males (Fig. 2b) and females ( Fig. 2d) , MCR1, 2, 3, 4, and 5 were detected in the ultimobranchial glands of goldfish, although variation in the expression level of each individual was observed. b-actin, as a housekeeping gene, was expressed in each ultimobranchial gland of goldfish (Fig. 2e) . On the other hand, the brains of males (Fig. 2a) and females ( Fig. 2c ), used as a positive control expressed all MCRs. In the sample on which PCR was performed without reverse transcriptase, specific bands were not detected (data not shown).
Effects of a-MSH injection on the calcium content of both regenerating and ontogenic scales in goldfish
The calcium content of both regenerating and ontogenic scales in goldfish is shown in Fig. 3 . Ten days after the removal of scales, the calcium content of regenerating scales in goldfish treated with high doses of a-MSH was significantly higher than that in control goldfish. On the other hand, the calcium content of ontogenic scales on the right side was significantly decreased by high-dose injections of a-MSH. There was a significant co-relationship between the plasma calcitonin and calcium content of regenerating scales in both the control and experimental groups (Fig. 4a ), although the plasma calcitonin level did not have a co-relationship with the calcium content of the ontogenic scales (Fig. 4b) .
Comparison of calcitonin receptor mRNA expression of regenerating and ontogenic scales of goldfish
The mRNA expression of calcitonin receptors was detected in both regenerating and ontogenic scales (Fig. 5) . The calcitonin receptor mRNA expression in regenerating scales was remarkably higher than that in ontogenic scales (Fig. 5 ). There was a significant difference between regenerating scales and ontogenic scales.
Discussion
Using a-MSH-injected goldfish, we are the first to demonstrate the interaction between a-MSH and calcitonin in teleosts. In brief, after a-MSH administration (low dose: 0.1 lg/g body weight; high dose: 1 lg/g body weight), the plasma calcitonin level increased significantly at both doses (Fig. 1) . To examine the direct influence of a-MSH on calcitonin production, MCR mRNA expression was measured in the ultimobranchial glands of goldfish. As a result, MCR1, 2, 3, 4, and 5 were detected in goldfish ultimobranchial glands (Fig. 2) . Fig. 1 Effects of a-MSH on plasma calcitonin levels in goldfish. a-MSH was injected at a low dose (0.1 lg/g body weight) or a high dose (1 lg/g body weight) into goldfish every other day. Ten days after injection, we collected plasma samples and analyzed their calcitonin levels. ***Indicates a statistically significant difference at p \ 0.001 from the values in control scales. n = 8 samples; one sample from one fish Fig. 3 Effects of a-MSH on calcium content in regenerating and ontogenic goldfish scales. a-MSH was injected at a low dose (0.1 lg/g body weight) or a high dose (1 lg/g body weight) into goldfish every other day. Ten days later, we analyzed the scalecalcium content in goldfish. * and **indicate statistically significant differences at p \ 0.05 and p \ 0.01, respectively, from the values in the control scales. n = 8 samples; one sample from one fish This implies that a-MSH directly acts on ultimobranchial glands and promotes the secretion of calcitonin. We believe that the secreted calcitonin functions in regenerating scales and facilitates scale bone formation (Fig. 3a) because the plasma calcitonin level has a co-relationship with the calcium content of the regenerating scales (Fig. 4a) but not with the content of ontogenic scales (Fig. 4b) . In addition, the calcitonin receptor mRNA expression in regenerating scales was significantly higher than that in ontogenic scales (Fig. 5) , supporting the conclusion that calcitonin functions in regenerating scales.
Plasma calcitonin (pg
In the brain of goldfish ) and the barfin flounder Verasper moseri (Takahashi et al. 2014) , MCR1, 2, 3, 4, and 5 were expressed. In the case of goldfish ultimobranchial glands, MCR1, 2, 3, 4, and 5 were detected, although variation in the expression level of each individual was observed (Fig. 2) . MCR mRNA expression in the ultimobranchial glands was different among individuals (Fig. 2) . In male No. 2 and female Nos. 1 and 3, all MCRs were expressed in the ultimobranchial glands of goldfish. In other males (Nos. 1 and 3) and a female (No. 2), however, only two or three types of MCRs were detected in their ultimobranchial glands, at least in the present conditions. This MCR expression in ultimobranchial glands may be related to physiological conditions within individuals. In feeding, calcitonin has some functions in teleosts, as described in the ''Introduction''. In eels, Anguilla japonica (freshwater teleosts), and stonefish, Inimicus 
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Relative ratio (CTR/β-actin) *** Fig. 5 Expression analysis of calcitonin receptor mRNA in regenerating and ontogenic scales. Ten days after removal of the scales, mRNA was prepared from regenerating and ontogenic scales. The mRNA expressions of calcitonin receptors were analyzed in scales. ***indicates a statistically significant difference at p \ 0.001 from the values in the control scales. n = 10 samples; one sample from one fish. b-actin was used for normalization to each mRNA expression level japonicus (marine teleosts), plasma calcitonin levels increased with the rise of plasma calcium caused by the dietary uptake of calcium (Suzuki et al. 1999; Kaida and Sasayama 2003) . It is known that a-MSH functions in feeding behavior (for a review, see Metz et al. 2006 ) and induces anorexigenic actions in goldfish (Kojima et al. 2010) . During the feeding period, therefore, a-MSH may have some relationship with calcitonin. In our next study, we would like to investigate the interaction between a-MSH and calcitonin during feeding time.
We previously indicated that a-MSH functions in scales and promotes bone resorption in goldfish (Ishizu et al. 2018) . In ontogenic scales, the calcium content decreased (Fig. 3b) , and might accelerate scale-bone resorption by a-MSH. In regenerating scales, however, the calcium content increased (Fig. 3a) , suggesting that calcitonin has some role in this phenomenon. Calcitonin is a hypocalcemic hormone resulting from the inhibition of osteoclastic activities in mammals (Azria 1989) . Furthermore, in teleosts as well as mammals, it has been demonstrated that calcitonin suppresses osteoclastic activity (Suzuki et al. 2000; Sekiguchi et al. 2009 Sekiguchi et al. , 2017 . As goldfish-calcitonin suppressed osteoclastic activity in the scales of goldfish (Suzuki et al. 2000) , calcitonin induced by a-MSH-injection seems to function in regenerating scales and promoting scale regeneration.
On the other hand, we recently discovered a new function of calcitonin (Kase et al. 2017) . We found that sardine procalcitonin was composed of procalcitonin amino-terminal cleavage peptide (N-proCT), calcitonin, and procalcitonin carboxyl terminal cleavage peptide (C-proCT). As compared with C-proCT, N-proCT has been highly conserved among teleosts, reptiles, and birds, which suggests that N-proCT has some bioactivities. To compare the bioactivities of calcitonin and N-proCT, we examined their bioactivities for osteoblasts and osteoclasts using our assay system with goldfish scales that consisted of osteoblasts and osteoclasts. As a result, sardine N-proCT (10 -7 M) activated osteoblastic marker enzyme activity, while sardine calcitonin did not change. On the other hand, sardine calcitonin (10 -9 to 10 -7 M) suppressed osteoclastic marker enzyme activity, although sardine N-proCT did not influence enzyme activity. In a-MSH-injected goldfish, N-proCT might function in osteoblasts to regenerate scales and promote bone formation because osteoblastic activity and hormonal responses in regenerating scales were considerably higher than those in ontogenic scales (Yoshikubo et al. 2005) . Rat-thyroid levels of calcitonin and N-proCT increase in parallel in vivo (Burns et al. 1989) , suggesting that both calcitonin and N-proCT function in osteoclasts and osteoblasts, respectively, to regenerate scales.
Teleost scales are functional internal calcium reservoirs during periods of increased calcium demand (Mugiya and Watabe 1977; Bereiter-Hahn and Zylberberg 1993) and are a good model for analyzing bone metabolism (Vieira et al. 2011; de Vrieze et al. 2014a, b; Suzuki et al. 2016; Carnovali et al. 2016; Witten et al. 2017; Pinto et al. 2017) . The osteogenesis in regenerating scales was very similar to that in calvarial bone (Yoshikubo et al. 2005; Thamamongood et al. 2012) . In the present study, we can easily analyze a-MSH function regarding bone metabolism. Thus, we conclude that regenerating scales can be utilized as a model for in vivo osteogenesis.
